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Order parameterCell penetrating peptides (CPPs) are able to cross membranes without using receptors but only little informa-
tion about the underlying mechanism is available. In this work, we investigate the interaction of the two
arginine-rich CPPs RW9 and RL9 with 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine (POPC),
1-palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylglycerol (POPG), and POPC/POPG membranes with varying
POPG content using isothermal titration calorimetry (ITC), solid-state nuclear magnetic resonance (NMR)
spectroscopy, and molecular dynamics (MD) simulations. Both peptides were derived from the known CPP
penetratin and it was shown previously that RW9 is able to penetrate membranes better than RL9. Overall,
the results show that both RW9 and RL9 have a relatively small inﬂuence on the membrane. They increase
the order of the lipids in the headgroup region and reduce order in the acyl chains indicating that they are
located in the lipid/water interface. In addition, the ﬂexibility of the membrane is slightly increased by
both peptides but RW9 has a larger inﬂuence than RL9. The differences observed in the inﬂuences on POPC
and POPG as well as MD simulations on the mixed POPC/POPG bilayers of 850 ns length each show that
both peptides preferentially associate with and enrich the charged PG lipids almost 2fold in an area of 12 Å
around the peptides. As expected, we could not observe any membrane crossing on the simulation time
scale of 850 ns but observed that some peptides ﬂipped their orientation during binding to the membrane.
Interestingly, all observed ﬂips coincided with structural changes in the peptides indicating that structural
changes or ﬂexibility might play a role during the binding of arginine-rich CPPs to membranes.
© 2012 Elsevier B.V. All rights reserved.1. Introduction
Cell penetrating peptides (CPPs) are able to cross cell membranes
independently of chiral recognition and for that, they have attracted
much attention. They are particularly interesting for medical applica-
tions in which a Trojan horse approach is used to deliver cargo over
the blood brain barrier or cellular membranes [19]. However, despite
their importance little is known about their uptake process. Currently,
it is accepted that two pathways coexist. One is based on formation of
inverted micelles [16] while the other relies on endocytosis [54,73].
Independently from the internalization mechanism, CPPs interact
with and cross the membrane at several stages during their cellular
action: ﬁrst upon their initial contact with the cellular membrane
and further after uptake into the cell interior where they may need
to enter or exit different intracellular organelles, depending on their
target and mode of action. Therefore, a careful investigation on thepzig, Germany. Tel.: +49 341 97
.de (A. Vogel).
l rights reserved.interaction of these peptides with lipids and their effect on lipid phys-
ical chemical properties and organization is necessary.
Herein, we study the interaction of two nine residue arginine-rich
peptides (RL9 and RW9) with model lipid membranes of varying
composition. RL9 (RRLLRRLRR-NH2) and RW9 (RRWWRRWRR-NH2)
share a common secondary amphipathic structure and were designed
from a structure/function study of penetratin [17]. RW9was shown to
be a potent CPP [6,15,34,71] while RL9 was internalized very poorly
although it was able to bind to the cell membrane. Differential scan-
ning calorimetry (DSC) studies showed that both peptides substantially
perturbed themain phase transition of negatively charged lipids but did
not affect that of zwitterionic ones [71]. Additionally, the interaction of
the peptides with negatively charged lipids changed their structure
from random to helical [71].
The aim of this study is to understand the basis for the different cel-
lular uptake properties of RW9 and RL9 and to further investigate the in-
teractions between these twopeptides andmembranes. As for themodel
membranes employed in this study, two lipid compositions were
chosen: POPC as a model of the eukaryotic membrane and POPC/POPG
mixtures with varying POPG content to investigate the difference be-
tween anionic and zwitterionic lipids [71]. Recent studies showed that
825K. Witte et al. / Biochimica et Biophysica Acta 1828 (2013) 824–833charged amino acids such as arginine contribute signiﬁcantly to the bind-
ing and potency of CPPs aswell as antimicrobial peptides (AMPs) [70]. In
contrastmolecular dynamics (MD) simulations showed that the interac-
tion between arginines and charged headgroups contribute only little to
the binding and translocation of peptides [69]. This contradiction might
be solved by the fact that even though the extracellular leaﬂet of the eu-
karyotic cell membrane has very few anionic lipids, their clustering into
domains upon peptide interaction can potentiate their role as reported
for penetratin [36] and a number of other peptides [70]. Moreover, in
the possible entrance or exit from the different intracellular organelles,
anionic lipids can be encountered. Therefore, aspects concerning peptide
insertion into membranes, their orientation, and subsequent lipid reor-
ganization appeared of particular interest to us. For this purpose, several
complementary techniques such as isothermal titration calorimetry
(ITC), solid-state nuclear magnetic resonance (NMR) spectroscopy
and MD simulations were used. We show here that both peptides
have a considerably higher afﬁnity for anionic lipids (POPG) than for
the zwitterionic lipids (POPC) and lead to POPG clustering. Further,
the orientation of the peptides reverses during the binding to themem-
brane where initially the arginine rich face of the peptides is oriented
toward the lipids. Following that, some peptide molecules are able to
ﬂip, so that the hydrophobic face of the peptide becomes immersed in
the lipid fatty acid chain region. This process appears to be accompanied
by peptide structural changes and is irreversible under the time scales
accessible to our simulations. Further, we propose that the ability of
the peptides to increase the ﬂexibility of the membrane is correlated
to their ability to translocate across the membrane.
2. Materials and methods
2.1. Materials
For ITC experiments, the glycerophospholipids 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylcholine (POPC) and 1-palmitoyl-2-
oleoyl-sn-glycero-3-phosphatidylglycerol (POPG) were obtained as
powders from Genzyme (Liestal, Switzerland). Biot(O2)–Apa–RL9,
and Biot(O2)–Apa–RW9 were obtained from PolyPeptide Laborato-
ries (Strasbourg, France). For the solid-state NMR experiments
POPC, POPG, 1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-phosphatidylcho-
line (POPC-d31), and 1-palmitoyl(d31)-2-oleoyl-sn-glycero-3-phospha-
tidylglycerol (POPG-d31) were procured from Avanti Polar Lipids, Inc.
(Alabaster, AL). The peptides RW9 and RL9 were produced by standard
solid phase peptide synthesis.
2.2. ITC experiments
To prepare large unilamellar vesicles (LUV), appropriate amounts
of POPC and/or POPG were combined in chloroform/methanol
(2/1 vol/vol) which was then evaporated under a N2 ﬂow and
subsequent placement in a vacuum chamber for 2–3 h to deposit the
lipids as a ﬁlm on the wall of the test tube. Films were then hydrated
by addition of the appropriate amount of buffer (10 mM Tris, 100 mM
NaCl, 2 mM EDTA, pH 7.5) and vortexed extensively at room tempera-
ture. The obtained multilamellar vesicles were submitted to ﬁve freeze/
thawing cycles and the homogenous lipid suspension was passed 15
times through a mini extruder (Avanti Lipids, Alabaster, AL) equipped
with two stacked 100 nm polycarbonate membranes. We used LUVs
composed of 100% POPC, 75% POPC 25% POPG, 50% POPC 50% POPG
and 100% POPG.
ITC experimentswere performedon a TA Instrument (NewCastle, DE)
nano ITC calorimeter. To avoid air bubbles, peptide and LUVs solutions
were degassed under vacuum before use. Titrations were performed by
injecting 10 μl aliquots of 100 nm LUVs composed of pure lipid into the
calorimeter cell containing the peptide solution with 5 min waiting be-
tween injections. The following lipid and peptide concentrations were
used: 26 mM lipid and 50 μM peptide for 100% PC LUVs, 13.1 mM lipidand 25 μM peptide for 25% POPG LUVs, 9.8 mM lipid and 50 μM peptide
for 50% POPG LUVs, and 6.5 mM lipid and 100 μM for 100% POPG LUVs.
The experiments were performed at 35 °C. Data were analyzed
and the thermodynamic parameters were derived using the pro-
gram NanoAnalyze provided by TA Instruments.
2.3. Solid-state NMR
Aliquots of the phospholipids and peptide were co-dissolved in or-
ganic solvent, dried under vacuum (10 mbar), and dissolved in cyclo-
hexane. After freezing in liquid nitrogen, the samples were lyophilized
under a vacuum of approximately 0.1 mbar. Subsequently, the sample
was hydrated to 50 wt.% with deuterium-depleted 1H2O, freeze–
thawed, stirred, and gently centrifuged for equilibration. The samples
were then transferred to 5 mm glass vials and sealed with Paraﬁlm for
NMR measurements.
Static 2H and 31PNMR spectrawere acquiredwith awidebore Bruker
DRX 300 NMR spectrometer operating at a resonance frequency of
46.1 MHz for 2H and 121.6 MHz for 31P. A double-channel solids
probe equipped with a 5 mm solenoid coil was used. The 2H NMR spec-
tra were accumulated with a spectral width of ±250 kHz using quadra-
ture phase detection, a phase-cycled quadrupolar echo sequence [14]
with two 6.5 μs 90° pulses separated by a 60 μs delay, and a relaxation
delay of 0.5 s while the 31P spectra were acquired with a spectral
width of ±250 kHz using a Hahn-echo pulse sequence with a 31P 90°
pulse length of 2.5 μs, a Hahn-echo delay of 60 μs and a relaxation
delay of 2.5 s. A phase-cycled inversion-recovery quadrupolar echo
pulse sequence was used to measure the 2H NMR relaxation times for
the decay of Zeeman order (T1Z; spin–lattice relaxation time). A relaxa-
tion delay of 1.5 s was used and all other parameters were the same as
for recording the 2H NMR spectra. An exponential line broadening not
exceeding 50 Hz was applied.
For determination of the order parameters ﬁrst the 2H NMR
powder-type spectra (Fig. S2) were de-Paked using the algorithm of
McCabe and Wassall [44]. Order parameter proﬁles were determined
from the observed quadrupolar splittings (ΔvQ) in these spectra
according to:
Δν ið ÞQ

 ¼ 3
2
χQ S
ið Þ
CD

 P2 cos θð Þj j: ð1Þ
Here χQ=e2qQ /h represents the quadrupolar coupling constant
(167 kHz for 2H in the C\2H bond [13,59]), θ is the angle between
the bilayer director axis and the main external magnetic ﬁeld, and
P2 is the second Legendre polynomial. For the de-Paked 2H NMR spec-
tra θ=0° and hence P2(cosθ)=1. The segmental order parameter is
described by
S ið ÞCD ¼ 1=2 3 cos2 βi−1
D E
ð2Þ
and depends on the angle β between the C–2H bond vector and the
bilayer director axis where the brackets indicate an ensemble or
time average. Further details of the order parameter determination
have been described in the literature [31]. The Pake doublets were
assigned starting at the terminal methyl group, which exhibits the
smallest quadrupolar splitting. The methylene groups were assigned
consecutively according to their increasing quadrupolar splittings.
2.4. Molecular dynamics simulations
A total of three all-atom MD simulations was conducted: one refer-
ence simulation of a pure membrane of 500 ns length and two simula-
tions of the same membrane in presence of either four RW9 or RL9
peptides of 850 ns length each. Setup of the membrane that consisted
of 160 POPC and40 POPGmoleculeswas conducted following published
procedures [35]. Subsequently, four peptides were added on one side of
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but not in direct contact with the membrane. The overall peptide/lipid
ratio of the system was only half of that in the experiments because
the peptides were placed on one side of the membrane such that the
peptide/lipid ratio of the membrane leaﬂet facing the peptides was the
same as in the experiments while the other leaﬂet contained no pep-
tides. Each system was hydrated with ~13,220 H2O molecules for the
peptide simulations and 5740 H2O molecules for the reference simula-
tion. Na and Cl ions were added to make the system neutral overall
and reach a salt concentration of 100 mM. The dimensions of the simu-
lation box were approximately 81×81×99 Å. In addition an external
electric ﬁeld of 0.05 V nm−1 was applied [56] pointing from the pep-
tides toward themembrane to account for the transmembrane potential
which was shown to be important for the interaction of cationic pep-
tides with membranes [30,62]. A temperature of 37 °C was used. The
programNAMD [51] was employed for the simulation under conditions
of normal pressure (1.013 bar), using the CHARMM all-H CMAP protein
force ﬁeld [42,43] with the most recent all-H C36 lipid force ﬁeld [37]
allowing simulation with ﬂexible surface area and therefore adaptation
of the system to the penetration of the peptides (no additional force in
the plane of the membrane was applied). The smooth particle-mesh
Ewald algorithm was used to compute the electrostatic forces [24] and
the SHAKE algorithmwas used to maintain rigid all bonds involving hy-
drogen atoms, allowing a 2 fs time step [64]. For the bigger simulations
that allowedmembrane curvature the area of the simulated bilayer was
quadrupled by laterally concatenating four copies of the simulated bilay-
er having coordinates corresponding to the end of the initial simulation.
All conditions remained the same.
3. Results
3.1. ITC experiments
The interaction of RW9 and RL9with POPC/POPG vesicles with vary-
ing POPG content (0%, 25%, 50%, and 100% POPG) was investigated with
ITC. The thermodynamic data derived from these experiments are sum-
marized in Table 1, and the binding isotherms are displayed in Fig. 1.
Graphs showing how the afﬁnity and enthalpy of binding vary with
the POPG ratio are given in supporting information (Fig. S1). It should
be mentioned that data analysis does not take into account effects of
electrostatic ﬁelds at the lipid/water interface that result from the en-
richment of the positive charged peptides in the water layer near the
negatively charged membrane. The data presented in Table 1 should
therefore be considered as an approximation, overlooking the effect of
peptide accumulation. The data for 100% POPG LUVs is taken from Ref.
[72] and we previously observed that the binding of RW9 and RL9 to
100% POPG LUVs is an exothermic processwith the afﬁnity of these pep-
tides for the LUVs in the micromolar range, with RW9 possessing a
slightly stronger afﬁnity (1.4 μM) than RL9 (7 μM) as well as a larger
binding enthalpy [72].Table 1
Thermodynamic parameters of RW9 and RL9 binding to LUVs composed of POPC/POPG
vesicles with varying POPG content (0%, 25%, 50%, and 100% POPG) determined by ITC
at 35 °C.
POPG/POPC ratio Peptide ΔH (kJ/mol) KD (μM) binding stoichiometry n
RW9
0 ND ND ND
0.25 −0.7 62.5 50.4
0.5 −1.3 21.1 30.2
1a −4.9a 1.4a 5.5a
RL9
0 ND ND ND
0.25 −0.1 66.9 87.6
0.5 −0.2 12.1 39.4
1a −1.3a 7.5a 5.3a
a Data are taken from Ref. [72].Herein, we show that when POPC LUVs are injected into the peptide
solutions a very small heat signal is detected (corresponding mainly to
the heats of dilution of the peptide and the vesicles) and no KD could
be determined. Either the binding afﬁnity is too weak to be observed
by ITC or the heat involved in the lipid/peptide interaction is too small
to be measured. When the ratio of POPG is increased to 25% and 50%,
binding of the peptides is observed. The binding enthalpies and afﬁnities
increase with the amount of POPG. Similar results have been previously
reported with the CPP penetratin [8].
These results show a preferential interaction of RW9 and RL9 with
POPG, implying that the negative charges are very important for the
peptide/lipid interaction. The slightly higher afﬁnity of RW9 and larger
binding enthalpy may result from the higher favorable enthalpy gain
resulting from the transfer of Trp-residues fromwater to themembrane
interior when compared with Leu-residues as we have observed with
related Trp-rich CPP series [40]. This suggests that not only electrostatic
interactions, but also hydrophobic effects are involved in RW9 and RL9
binding to membranes.
Regarding the stoichiometries of binding, they show that about six
lipids would be involved in the binding of one peptide, when pure
POPG vesicles are used. As discussed in a previous study [72], these
values were determined using the total lipid concentration (inner
and outer leaﬂets of the LUVs). As it is unlikely that the peptides
cross the membrane during the experiment, the peptides only have
access to half of the lipids, which mean that only three lipids are
bound to a single peptide. Incomplete ion pairing at the membrane
was already suggested for arginine-rich peptides [55]. When the
ratio of POPG is decreased, the number of lipid per peptide greatly in-
creases. In the case of RW9 for example, around 30 lipids per peptide
are involved, for the 50% POPG vesicles, thus suggesting 15 POPGmol-
ecules are involved in the binding of one peptide. Similarly, 12 POPG
molecules would be involved in the binding of one RW9 peptide to
vesicles containing 25% POPG. Provided the peptide does not cross
the membrane during the experiment, it has access to around 6–7.5
POPG molecules, which corresponds to simple charge equilibration.
3.2. Inﬂuence of RW9 and RL9 on the properties of POPC/POPG membranes
The effects of RW9 and RL9 on the organization of POPC/POPGmem-
branes were investigated by 2H and 31P solid-state NMR spectroscopy.
First the phase state of the membranes in absence and presence of the
peptides was investigated by solid-state 31P NMR spectroscopy since
some cell penetrating and antimicrobial peptides are known to introduce
non-lamellar phases [1,7,11,28,39]. However, the shapes of the 31P NMR
spectra shown in Fig. 2 clearly show that themembranes are in a lamellar
state in absence (Fig. 2A) and presence of either RW9 (Fig. 2B) or RL9
(Fig. 2C). All spectra were simulated assuming a lamellar phase con-
sisting of two independent components at the intensity ratio of the two
lipid components of 80:20 and including an elliptic shape of the vesicles
(red dotted line in Fig. 2) to account for possible alignment of the lipids
perpendicular to the magnetic ﬁeld [48,65]. The obtained chemical shift
anisotropies (CSA) Δσ of the two components and the ellipticity of the
vesicles are summarized in Table 2. Both RW9 and RL9 slightly increase
the CSA. This either indicates a reduction in lipid headgroup mobility or
a change in lipid headgroup orientation which can originate from
changes in the electric surface potential of the membrane or steric inter-
actions due to the presence of peptides in the lipid/water interface.
Therefore, this data is in agreement with the previous observation that
both peptides are located in the headgroup region of the membrane
[72]. A similar inﬂuence was reported for interaction between R9 and
POPC/POPGmembranes at a 3:1molar ratio [26]. However, the inﬂuence
on the ellipticity is negligible which indicates that a major softening of
the membrane is not occurring [48,65].
Next, 2H NMR spectra were recorded on POPC/POPG/peptide sam-
ples inwhich either POPC or POPGwas represented by its deuterated an-
alog POPC-d31 or POPG-d31 thereby allowing their separate investigation.
Fig. 1. Binding isotherms of RW9 (A, B, C, and D) and RL9 (E, F, G, and H) to LUVs composed of 100% POPC (A and E), 75% POPC 25% POPG (B and F), 50% POPC 50% POPG (C and G)
and 100% POPG (D and H) determined by ITC at 35 °C. Data in panels D and H has been published previously [72]. The solid lines represent the best ﬁt to experimental data.
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little difference to the naked eye indicating that the peptides do not dra-
matically affect the lipid acyl chain ordering. To quantify the results
smoothed order parameter proﬁles were calculated from these spectra
using the assumption that the absolute order parameters |SCD(i)| (which
are a measure of the amplitude of motion) for each segment (i) of theFig. 2. Representative solid-state 31P NMR spectra (black, solid line) and their theoretical
simulations (red, dotted line) of POPC/POPG-d31 (A), POPC/POPG-d31/RW9 (B), and
POPC/POPG-d31/RL9 (C) (20:5:1 mol:mol:mol) recorded at 37 °C. Two individual compo-
nents are observed as expected from amixture of two lipids and the spectra were simulat-
ed accordingly with a ratio of 4:1 as known from sample composition and allowing an
elliptic shape of the vesicles. Parameters obtained from the theoretical simulations are
summarized in Table 2.deuterated palmitoyl chain in the lipids decreasemonotonicallywith po-
sition along the chain. These proﬁles are shown in Fig. 3A (POPC-d31) and
Fig. 3D (POPG-d31) in absence and presence of either RW9 or RL9. Both
peptides lead to a reduction of the order parameters of both lipid species
but the effect is clearly more pronounced for POPG.
From the order parameter proﬁles detailed information about the
geometry of the hydrocarbon chains can be obtained using a model
describing the distribution of the orientations of the carbon segments
[50,65]. The chain extension plots obtained using this model are
shown in Fig. 3C (POPC-d31) and Fig. 3F (POPG-d31) again in absence
and presence of either RW9 or RL9. In these plots for every second
carbon in the palmitoyl chain of the lipids the distance along the
membrane normal to the terminal CH3 group is shown. Hence, the
data for carbon position 2 shows the extent of the chain from C2 to
C16 which in the following will be called chain length [50,65]. In sum-
mary, the inﬂuence of both peptides leads to a reduction in lipid acyl
chain length which is small for POPC-d31 but on the order of about
0.3 Å for POPG-d31. Membrane thinning has been reported to occur
at least in the initial stages of lipid interaction by CPPs and AMPs, al-
though larger in the case of AMPs (several angstroms) than CPPs
[12,38,52].
The effect of the peptides on the dynamics of the lipids was investi-
gated by the analysis of 2H NMR spin–lattice relaxation rates R1Z. Here
relaxation describes the process how the spin system returns to equilib-
rium after perturbation by an electromagnetic pulse. In the case of 2H
NMR relaxation this process ismostly governed by randomly ﬂuctuating
electromagnetic ﬁelds that originate from the molecular motions of the
methyl(ene) group containing the investigated nucleus. Therefore, the
R1Z rates contain information about the timescale of these motions. In
Fig. 4, the obtained 2HNMR relaxation rates are depicted for each carbon
position. Interestingly, a clear difference in the inﬂuence of both pep-
tides on either POPC or POPG is evident. While POPG is not inﬂuenced
downwards from carbon C9 POPC shows a clear increase in the relaxa-
tion rates over the whole hydrocarbon chain. Overall, the effects of
both peptides are rather similar but RW9 has a slightly bigger inﬂuence
than RL9 on both lipid species.Table 2
Parameters obtained from the theoretical simulations of the 31PNMR spectra (POPC/POPG/
peptide 20:5:1 mol:mol:mol) recorded at 37 °C. Here ellipticity is deﬁned as the ratio of
the axes of the vesicle perpendicular and parallel to the magnetic ﬁeld.
Sample POPC CSA Δσ (ppm) POPG CSA Δσ (ppm) Vesicle ellipticity
POPC/POPG 39.5±1.0 45.5±1.0 0.91±0.10
POPC/POPG/RW9 42.2±1.0 49.0±1.0 0.97±0.10
POPC/POPG/RL9 41.0±1.0 50.0±1.0 1.00±0.10
Fig. 3. Proﬁles of the segmental order parameters |SCD(i)| as a function of carbon position (i) obtained from 2H NMR spectroscopy (A and D) and MD simulations (B and E) at 37 °C are
shown for a POPC/POPG mixture (4:1 mol:mol) in absence (white squares) and presence of either RW9 (black circles) or RL9 (black triangles) (total lipid:peptide 25:1 mol:mol).
For clarity data obtained for POPC-d31 (A, B, and C) and POPG-d31 (D, E, and F) is shown separately. Chain extension proﬁles showing the cumulative projection of the acyl segments
onto the bilayer normal as calculated from the experimental order parameters (A and D) are also shown (C and F).
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be difﬁcult and model dependent [47,68]. Therefore, these rates
were analyzed in a model-free fashion by plotting them against the
square of the corresponding order parameter as shown in Fig. 5.
These so-called square-law plots are known to produce a straight
line for disaturated lipids [9,47,65]. This behavior is due to collective
motions of the membrane that contribute signiﬁcantly to the NMRFig. 4. Proﬁles of the relaxation rates R1Z(i) as a function of carbon position (i) obtained
from 2H NMR spectroscopy at 37 °C are shown for a POPC/POPG mixture (4:1 mol:
mol) in absence (white squares, solid line) and presence of either RW9 (black circles,
dotted line) or RL9 (black triangles, dashed line) (total lipid:peptide 25:1 mol:mol).
For clarity data obtained for POPC-d31 (A) and POPG-d31 (B) is shown separately.relaxation rates as was shown by simultaneous analysis of their ori-
entation and frequency dependence [47]. The collective motions are
further scaled by elastic properties of the membrane and therefore
correlate with the slope of the square-law plot. Stiff membranes
result in a small slope while ﬂexible membranes result in larger
slope and can lead to a bent shape of the plot [48,65]. The slightly
bent shape observed for all samples is due to the larger ﬂexibility ofFig. 5. Dependence of R1Z(i) relaxation rates on the corresponding order parameter |SCD(i)|
squared at 37 °C are shown for a POPC/POPG mixture (4:1 mol:mol) in absence (white
squares, solid line) and presence of either RW9 (black circles, dotted line) or RL9 (black
triangles, dashed line) (total lipid:peptide 25:1 mol:mol). Again data obtained for
POPC-d31 (A) and POPG-d31 (B) is shown separately.
Fig. 6. Normalized radial pair distribution functions g(r) of the Cα atoms of RW9
(A and B) and RL9 (C and D) with the phosphorus atoms of either POPC (black line) or
POPG (red line). The data was analyzed independently for the ﬁrst 100 ns (A and C) and
the last 100 ns (B and D) of the simulation. The RDFs of POPG were multiplied by 4 to ac-
count for its 4fold lower concentration compared to POPC. Therefore, for a homogenous
distribution of the peptides between POPC and POPG the results should be very similar
for both lipids. In theﬁrst 100 ns a clear excess of POPG is observed at very close distances.
At the end of the simulation the peak at very close distances has mostly disappeared but a
broader region of POPG preference has formed.
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been discussed that the order parameter describing slow motions of
the membrane is not constant along the acyl chain and leads to the
observed deviation from linearity [48]. Both peptides lead to an in-
crease in the slope of the square-law plots and thereby membrane
ﬂexibility, with RW9 resulting in a more pronounced effect than
RL9. Most striking, the square-law plots of both lipid species react
rather similarly to the presence of the peptides. The selective inﬂu-
ence of the peptides on the order parameters of POPC and the relax-
ation rates of POPG obviously affects the shapes of their square-law
plots leading to very similar results for both lipid species originating
from different molecular properties.
3.3. Peptide–membrane interactions investigated by MD simulations
MD simulations of RW9 and RL9 were conducted to further under-
stand their interactions with the membrane on a molecular level. In
total, three simulations were performed, one of the pure POPC/POPG
mixture and two in presence of either four RW9 or four RL9 peptides
named RW9-1, RW9-2, RW9-3, and RW9-4 and RL9-1, RL9-2, RL9-3,
and RL9-4, respectively. For the starting conditions, the peptides were
built from published structures [71] and placed in the water subphase
close to the membrane. During the simulation an external electric ﬁeld
of 0.05 V nm−1 was applied [56] pointing from the peptides toward
the membrane to account for the transmembrane potential which was
shown to be important for the interaction of cationic peptides with
membranes [30,62]. To analyze the effect of the peptides on the mem-
brane and to validate the MD simulations, 2H NMR order parameters
of the lipids were calculated for all three simulations (the ﬁrst 100 ns
were omitted for equilibration) independently for each lipid species
and for each leaﬂet of the membrane. The values obtained for the leaﬂet
facing thepeptides are shown in Fig. 3B (POPC) and Fig. 3E (POPG). Both,
RW9 and RL9 clearly inﬂuence POPG much more strongly than POPC
which is in agreement with the experimental results presented above.
To test the signiﬁcance of this difference, order parameter proﬁles
were also calculated for the leaﬂet away from the peptides and for the
simulation in absence of the peptides (Fig. S3). In all cases the differ-
ences between POPC and POPG were negligible.
To further investigate this difference we calculated the normalized
radial pair distribution functions (RDF) g(r) of the Cα atoms of both
peptides with the phosphorus atoms of both lipid species which are
shown in Fig. 6. To show the evolution of the systems the RDFs
were calculated independently for the ﬁrst and the last 100 ns of
the simulation. The RDFs of POPG were multiplied by 4 to account
for its 4-fold lower concentration compared to POPC. Therefore, for
a homogenous distribution of the peptides between POPC and POPG
the results should be very similar for both lipids. For the ﬁrst 100 ns
this is true at distances bigger than 5.5 Å. At ~4.8 Å however a peak
is observed in the POPG data indicating a clear preference of both
peptides for the negatively charged lipid which shows the importance
of electrostatic interactions in the initial association of the peptides
with the membrane. This pattern changes over the course of the sim-
ulation as in the last 100 ns of the simulation POPG becomes enriched
in an area ~12 Å around both peptides which is on the order of the
size of the peptides. Within this 12 Å radius the POPC/POPG ratio is
2.09 for the RW9 simulation and 2.21 for the RL9 simulation while
it would be 4 for a homogenous distribution.
Another interesting observation was that no peptide crossed the
membrane and no pore was formed during the combined 1.7 μs of
the RW9 and RL9 simulations [72] which was surprising given that
membrane crossing and pore formation was shown for R9 on much
shorter timescales (~100 ns) [30]. In addition, initial events of these
processes such as an Arg crossing the membrane [30] are not
observed in our MD simulations. It should be noted that R9 has no
Trp residues and therefore might follow a different internalization
mechanism than the amphipathic Arg-rich peptides RW9 and RL9containing hydrophobic amino acids [74]. Apart from this fact, the dif-
ference in behavior might be attributed to differences in system setup
and conditions as well as the force ﬁeld. Most important however
seems to be the lack of counter ions in those simulations [30] which
leads to artifacts in membrane thickness and therefore integrity
[73]. MD simulations of penetratin and TAT including counter ions
also showed no peptide penetration [73]. Overall our observation
agrees with experiments where the kinetics of CPP translocation
through the membrane has been reported to be extremely slow,
within several minutes (depending on the experimental conditions),
very far from the time allowed for the simulation [62].
Nevertheless, the peptides exhibited an interesting membrane
penetration behavior that was investigated in detail. For the starting
conﬁguration of the simulation all peptides were placed close to the
membrane and oriented such that on average neither the hydropho-
bic (either Trp or Leu) nor the Arg side chains were pointing toward
the membrane but sideways parallel to the membrane surface. The
peptides quickly orient such that the Arg side chains face the mem-
brane while the hydrophobic side chains of either Trp or Leu are
pointing away from the membrane. However, several peptides ﬂip
their orientation during binding to the membrane such that afterwards
the Trp/Leu side chains are deeply embedded into themembranehydro-
carbon region. It was previously shown that this represents the equilib-
rium orientation of the peptides [72].
A detailed investigation of the penetration of RW9 and RL9 showed
marked differences between the individual peptide molecules. For this
analysis, the center of mass of all hydrophobic (Trp or Leu) and of all
Arg side chains was calculated and their distance to themembrane cen-
ter plotted for each individual peptide in Fig. S4. From this, it is clear that
RW9-2, RW9-4, RL9-3, and RL9-4 ﬂip their orientation while the other
peptides remain in their original orientation over the course of the sim-
ulation. Overall, a ﬂip leads to deeper penetration of the peptide since
the depth of the Arg side chains is relatively constant for all peptides
while Trp/Leu inserts into the hydrocarbon region of the membrane.
Interestingly, there are indications that the observed ﬂips occur in
conjunction with structural changes in the peptide backbone. We
investigated the evolution of the structures via evolution of the
backbone root mean square deviation (RMSD) which is visualized in
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both RW9 and RL9 remain close to the starting structures [71] and
the backbone RMSD never exceeds 3.6 Å while it stays below 1.5 Å
most of the time. For peptides that ﬂipped their orientation the
timeframe of this ﬂip was marked in the plot. In all four cases of a
ﬂip, the structure either changed directly during the process or very
shortly before it and remained stable for extended periods of time af-
terwards. However, one has to keep in mind that sampling of all con-
formations even for short peptides is very difﬁcult to achieve with
conventional MD simulations [66]. Nevertheless, since this effect is
observed for all four ﬂip events and only a limited number of struc-
tural changes occur in our simulations a coincidence is unlikely.
According to the RMSD plots, the structures were clustered and
the most typical structure for each cluster was extracted. For peptides
that perform a ﬂip the backbone structures of the cluster before and
after the ﬂip are visualized in Fig. 7. In both RW9 peptides that per-
form a ﬂip the C-terminal Arg residue is part of the α-helix before
the ﬂip but has left the helix after the ﬂip. Interestingly, toward the
end of the simulation both peptides return to their original structure
in which the terminal Arg residue is part of the helix. It is also note-
worthy that the N-terminus of both RW9 peptides that perform a
ﬂip is different from the starting structure which was fully α-helical
[71]. This structural motif is not observed for the two RW9 peptides
that do not perform a ﬂip. For RL9 two different events are observed:
one in which the C-terminal Arg residue is involved again but the pro-
cess is reversed such that Arg becomes part of the α-helix during the
ﬂip and one where the structural change occurs in the N-terminus
which is not α-helical in contrast to the starting structure. Closer in-
spection of the latter ﬂip (Fig. S4H) shows that it is not as pronounced
as the other observed events (Fig. S4B, D, and G).
We also tested if we can observe the induction of membrane cur-
vature by the peptides as such a behavior was reported for penetratin
(on which RW9 and RL9 are based) and TAT [73]. For this, we took the
end of the RW9 and RL9 simulation and quadrupled each simulation
box laterally since otherwise the periodic boundary conditions heavi-
ly constrain the system on the length scales of such membrane inden-
tations. The quadrupled systems consisted of 640 POPC, 160 POPG
(800 lipids total) and 16 peptides each. While for penetratin as well
as TAT induction of strong membrane, curvature on timescales smaller
than 50 ns was reported [73] we did not observe anymembrane curva-
ture after 100 ns.Fig. 7. Backbone structures of individual RW9andRL9peptides as observed in theMD sim-
ulations of POPC/POPG/RW9 andPOPC/POPG/RL9 (both 20:5:1 mol:mol:mol) at 37 °C. For
each peptide that performed a ﬂip (RW9-2: A, RW9-4: B, RL9-3: C, and RL9-4: D; corre-
sponding to Fig. S4B, D, G, and H respectively) the structures of the cluster before (blue)
and after (red) the ﬂip are compared. All peptides are oriented such that the N-terminus
is left and the C-terminus right.4. Discussion
First, it is noteworthy that the results obtained from the experi-
ments and MD simulations show good agreement (for a direct com-
parison see Fig. S6). This indicates that the improved all-H C36 lipid
force ﬁeld [37] is now able to reproduce area per lipid much better
than previous versions in particular considering the fact that no addi-
tional forces in the plane of the membrane were applied. This is in
particular important for systems such as the one studied here
where an estimation of the area needed for the system is very difﬁcult
due to the presence of peptides and a mixture of lipids.
4.1. Effects of RW9 and RL9 on the host membrane
Overall the inﬂuence of both peptides on the membrane is relatively
small but still bigger than formany other peptides or proteins that inter-
actwith themembrane butwhich do not exhibitmembranotropic activ-
ity [57,65,67]. However, the effect is smaller than that observed for
several other α-helical antimicrobial peptides [41,53,63] which is
expected as CPPs typically do not compromise the membrane integrity
unlike antimicrobial peptides. The order of the lipids increases in the
headgroup region and reduces in the acyl chains which is consistent
with a location of the peptides in the lipid/water interface. In an earlier
studywe also observed that the peptides stay in this region after binding
to the membrane is complete [72]. Both peptides increase the ﬂexibility
of the membrane but the effect is bigger for RW9which is in agreement
with previous studies where an increase in membrane ﬂexibility was
observed by ATR-FT-IR and DSC for the interaction of RW9 with
phosphatidylglycerol (PG)membranes, but not for RL9 [71,72]. Interest-
ingly, our data suggests that this softening arises from separate effects
on the individual lipid species. For POPG the order parameters are
most inﬂuenced while for POPC the relaxation rates react most to the
presence of the peptides which is interesting as both methods investi-
gate separate details of the dynamics of the lipids. While the order
parameters are representative of the amplitude of motions, the relaxa-
tion rates are sensitive to the correlation times of themotions. Therefore,
both peptides increase the amplitude of motions selectively for POPG
while they inﬂuence the correlation times selectively for POPC.
One possible interpretation of this behavior is based on the obser-
vation that the peptides bind to the membrane in proximity of POPG
as shown by our ITC results, the MD simulations and previous data
[2,3,32,36,71]. Due to their location in the lipid/water interface [72]
they increase the volume available for the neighboring lipid acyl
chains which is closely related to their order parameters [50,65].
The reduction of the order parameters increases the ﬂexibility of the
membrane which is a material property and inﬂuences the collective
motions of the membrane most likely by an increase in their correla-
tion times which is another determinant of membrane ﬂexibility
[9,47,65]. This change in the correlation times is also experienced by
the more distant POPC and reﬂected by the increase in the relaxation
rates. This model works particularly well if the peptides cluster the
charged POPG around them [5,22,32,33] thereby selectively reducing
the order parameters of POPG instead of POPC. In fact, our relatively
long all-atom MD simulations show indications of such a behavior.
At ﬁrst electrostatic interactions recruit the peptides to PG head
groups and form close contacts with them. This indicates the impor-
tance of attractive forces between the opposite charges on lipids
and peptides which seem to play a major role for initiation of the con-
tact between peptide and membrane [45].
ITC experiments show that the binding of RW9 and RL9 is highly
favored by the presence of negative charges. The afﬁnity and enthalpy
of binding increase with the LUVs POPG content. The changes of bind-
ing stoichiometries with the POPG content are also very informative.
As discussed above, supposing the peptides do not cross the mem-
brane during the experiment, they only have access to half of the
lipids, thus the number of POPG molecules involved in RW9 and
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charge equilibration, no incomplete pairing phenomenon being ob-
served. This suggests that RW9 and RL9 are able to cluster anionic
lipids.
Over the course of our simulation a region of ~12 Å size forms
in which POPG is enriched ~2fold compared to a homogenous dis-
tribution of both lipids. This supports former ellipsometry studies
performed by our laboratory which have shown the formation of
domains upon the interaction of RL9 and RW9 with a PC/PG mono-
layer which were attributed to PG clustering [72]. Moreover,
CPP-induced lipid clustering has been observed for the interaction
of penetratin with membranes composed of PC and cardiolipin,
with a recruitment of cardiolipin [36]. In a recent systematic
study it was shown that a range of CPPs and AMPs also induce
clustering of anionic lipids and that the strength of the effect is
correlated to their net charge and their biological activity [70].
RW9 and RL9 have six positive charges each and following the
correlation found in the article are expected to induce clustering.
This clustering also might explain why previous MD studies
showed that the interaction between arginine and PG head groups
contributed only little to the binding and translocation of peptides
[69].
4.2. Behavior of RW9 and RL9 in the membrane
Despite the observed clustering of POPG the RW9 and RL9 pep-
tides themselves stayed separated over the course of the simulation.
In contrast MD studies performed on penetratin and TAT peptides
that were distributed over a large membrane patch showed that
they quickly form aggregates and induce strong membrane curvature
on timescales smaller than 50 ns [73]. Here, we also conducted simu-
lations on large membrane patches but did not observe any induction
of membrane curvature after 100 ns. This indicates that peptide accu-
mulation might be a prerequisite for promoting membrane curvature.
The smaller but longer MD simulations we conducted also shed
light on the process of association of the peptides with the mem-
brane. As discussed before attractive electrostatic interactions be-
tween lipid and peptide are important in creating their initial
contact. Therefore, at ﬁrst the charged amino acids are pointing to-
ward the membrane. However, two RW9 and two RL9 peptide mole-
cules ﬂipped their orientation such that the hydrophobic amino acid
side chains penetrate deeper than the Arg side chains which was
shown to likely be the equilibrium orientation [72]. These ﬂips are as-
sociated with deeper membrane penetration of the peptide. When a
peptide performed a ﬂip it stayed in this position and never ﬂipped
back to the former orientation. We observed that the depth of the
Arg side chains is relatively constant for all peptides and that many
hydrogen bonds and salt bridges are formed between Arg side chains
and lipid phosphate groups which makes us believe that these
charged moieties provide an anchor for the peptides. Therefore,
deeper penetration can be achieved by the observed ﬂip mechanism
where the Arg side chains serve as a molecular hinge. In addition,
bidentate hydrogen bonding between the guanidinium moieties or
arginines and phosphate headgroups are known to be essential fea-
tures for the peptide/membrane interactions [4,23,46,69]. Such com-
plexes can provide a way to partially mask the peptide charge and
decrease the Born energy barrier as implied by Arg-rich CPP partition
into octanol experiments [23].
Further, our simulations indicate that structural changes or
structural ﬂexibility might play a role during the binding of both pep-
tides to the membrane. Previously, it was already reported that the
C-terminus of RW9 and RL9 is less helical in presence of detergents
which might indicate that it is structurally ﬂexible [71]. For penetra-
tion, it was even suggested that a structural change occurs upon
membrane binding that facilitates translocation across the bilayer
[60]. In our simulations, we also observe structural changes in thisregion which coincide with the observed peptide ﬂips. Therefore,
we hypothesize that a structural change beneﬁts penetration of Arg
rich peptides into membranes which should be further investigated
by modern rapid sampling molecular dynamics methods [27,61].
Other studies have attempted to correlate the peptide structural
changes occurring upon lipid interaction with their uptake capacity.
A recent study with ten different CPPs attempts to classify the pep-
tides in three subgroups depending on their physicochemical prop-
erties (the secondary structure being one of them) and correlates
those with different internalization pathways [20,21]. It has been
suggested that the structural polymorphism and malleability of
CPPs could be important for the membrane interaction and inter-
nalization route [18].
From our data and previous investigations of Arginine-rich CPPs
and antimicrobial peptides [2,22,30,33,71,72] we propose the follow-
ing model for their interaction with membranes containing anionic
lipids. The peptides are attracted to the membrane by electrostatic in-
teractions with the anionic lipids. This interaction leads to preferen-
tial binding close to these lipids and orients the peptides such that
their charged amino acid side chains are pointing toward the mem-
brane. During the process of immersion in the bilayer the peptides
ﬂip their orientation such that the charged amino acid side chains re-
main close to the charged lipid phosphate groups but the hydropho-
bic side chains become embedded deep in the membrane anchoring
the peptides [72]. The peptides only exert little inﬂuence on the
membrane in this position and cluster anionic lipid in their environ-
ment, a behavior seen by these and other membrane active peptides
[2,5,22,32,33,72]. This conﬁguration is relatively stable at least on
the timescales of our MD simulations (850 ns). In the case of RW9
which is able to cross cell membranes better than RL9 [71] two factors
might help it escape from this metastable position and cross the
membrane. First, its Trp side chains can participate in cation–π inter-
actions with the Arg side chains and thereby separate them from the
anionic lipid head groups weakening their interaction. Second its in-
teraction increases the ﬂexibility of the membrane (the effect of RL9
is less pronounced) allowing ﬂuctuations that lead to the crossing of
an Arg side chain to the opposite bilayer leaﬂet initiating the forma-
tion of a pore [30,69]. Another indication that the ﬂexibility of the
membrane plays a major role is the fact that in simulations under
conditions that destabilize the membrane to a considerable amount
translocation of one R9 peptide was observed on a timescale of
~100 ns [30]. Other CPPs such as pVEC, a CPP derived from the mu-
rine vascular endothelium cadherin, also promote an increase in
membrane ﬂexibility without perturbing its integrity [29]. Therefore,
further studies are needed investigating the possible involvement of
structural changes during binding of CPP to membranes as well as
the correlation between the ability of the peptide to increase the ﬂex-
ibility of the membrane and its ability to cross the membrane.Acknowledgements
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